We examined whether slight oxidative stress and/or damage in cells could be amplified by subsequent ionizing irradiation and thus become detectable as obvious chromosomal damage. WIL2-NS cells, a human B lymphoblastoid cell line, were pretreated with an oxidant and then exposed to X-rays at 0.25 or 0.5 Gy. The chromosomal damage in the cells was evaluated by cytokinesis-block micronucleus (CBMN) assay. Pretreatment with a superoxide-generating system (hypoxanthine (HX)/xanthine oxidase (XO), 1 and 2 mU/ml of XO), tert-butyl hydroperoxide (t-BuOOH, 10 and 100 m mM) or H 2 O 2 (5 m mM) alone did not induce significant chromosomal damage, but the oxidant-induced damage increased significantly with subsequent irradiation. The tested dose of these oxidants did not induce significant changes in cell viability, the nuclear division index, and the concentration of antioxidants, indicating that only weak oxidative stress was introduced into the cells. These results suggest that lowdose oxidant-induced chromosomal damage becomes detectable as obvious chromosomal damage with subsequent ionizing irradiation in vitro.
Oxidative damage to biomolecules is produced by reactive oxygen species (ROS), which are formed by radiation, chemical treatments, or inflammation. 1) Accumulating evidence indicates that such oxidative damage to biomolecules, particularly DNA, are involved in the process of aging and various diseases such as cancer. [2] [3] [4] In terms of protection against and recovery from oxidative damage, detection of slight oxidative damage occurring in bodies would be more important than that of marked damage, which is not preventable and is easily detected at a late disease stage. Creating a special instrument may enable the detection of slight oxidative damage, but no such instrument has been developed so far. On the other hand, it is also possible to detect slight oxidative damage by developing a detection method in which the primary oxidative damage is amplified by inducing secondary oxidative stress. In the case of evaluating lipoprotein oxidation, metal ions such as those of copper or iron, or a radical initiator, is added to the samples, and then the slight lipoprotein oxidation is amplified to a more severe stage which can be easily detected using a spectrophotometer. 5) It is well known that exposure of the body to ionizing radiation, such as X-rays and g-rays, produces ROS that damage biomolecules in the body. 6) This ionizing radiation can be applied as a secondary oxidative stress to amplify slight oxidative damage or oxidative stress occurring in cells or bodies. The g-ray irradiation technique has been used to examine the oxidizability of lipoprotein 7, 8) and red blood cells. 9) However, this technique employing ionizing radiation has not been applied for the detection of DNA or chromosome damage, which is important for understanding aging and degenerative diseases.
In a previous study, we examined vigorous exercise-induced chromosomal damage in human lymphocytes and observed that chromosomal damage induced by exercise became detectable only after X-ray exposure to the lymphocytes in vitro as a secondary induced oxidative stress.
10) The results suggested that slight oxidative damage in chromosome could be amplified to become more easily detectable by X-ray exposure in vitro. An experiment using cultured cells may be appropriate to clarify this hypothesis. In this study, WIL2-NS cells, a human B lymphoblastoid cell line, were used for this purpose. The chromosomal damage was evaluated using a cytokinesis-block micronucleus (CBMN) assay, because this assay was used in the previous human exercise experiment 10) and this assay system in WIL2-NS cells is sensitive to ROS-induced chromosomal damage.
11) The CBMN assay, unlike the 8-hydroxydeoxyguanosine (8-OHdG) assay, does not indicate the precise molecular nature of oxidative damage to DNA, although it has been reported to be about five times more sensitive in detecting DNA damage than the 8-OHdG assay in experiments with X-rays. 12) 
MATERIALS AND METHODS

Materials
Fetal bovine serum (FBS), RPMI 1640 medium, antibiotic solution (penicillin 5000 U/ml and streptomycin 5 mg/ml), L-glutamine, and Hank's balanced salt solution (HBSS) were purchased from Gibco (Grand Island, NY, U.S.A.). Hypoxanthine (HX), xanthine oxidase (XO), cytochrome C, and cytochalasin B were obtained from Sigma (St. Louis, MO, U.S.A.). Hydrogen peroxide (H 2 O 2 ) was obtained from Mitsubishi Gas Chemical Co. Inc. (Tokyo, Japan), tert-butyl hydroperoxide (t-BuOOH) was from Katayama Chemical (Osaka, Japan), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was from Wako Pure Chemical Industries (Osaka, Japan). Giemsa's Solution was obtained from Merck (Darmstadt, Germany).
Cell Culture, Oxidant Treatment, and X-Ray Exposure Cells from the WIL2-NS cell line (ATCC no. CRL-8155) obtained from the American Type Culture Collection (Manassas, VA, U.S.A.) were cultured and maintained in RPMI 1640 medium containing 10% FBS, 1% antibiotic solution, and 2 mM glutamine at 37°C in a humidified atmosphere with 5% CO 2 . One day before the assay, the cells were seeded at a density of 0.3ϫ10 6 cells/ml. On the assay day, the WIL2-NS cells were washed once with HBSS by centrifugation at 180ϫg for 5 min, and resuspended in HBSS at a density of 0.5ϫ10 6 cells/ml. The cell suspensions (950 ml) was preincubated for 30 min and then exposed to 50 ml of oxidant solution (H 2 O 2 , t-BuOOH, superoxide) or vehicle for 30 min. Superoxide was generated by the HX/XO system, where superoxide generation was linear with XO concentration when the concentration of HX was 25 mM. Under these conditions, 2 mU/ml of XO with HX (25 mM) generated 6 mM/min of superoxide, which was determined using the cytochrome c method. 13) After treatment with each oxidant, cells were exposed to various doses of X-ray. The X-ray exposure was performed by using a soft X-ray unit (OM-150RS, Ohmic Inc., Tokyo, Japan) at a dose rate of 0.4 Gy/min. The X-ray beam was filtered through Cu (0.1 mm) and Al (0.2 mm), and the dose rate was monitored using a Radochon-exposure rate monitor (Victreen, Cleveland, OH, U.S.A.).
Cytokinesis-Block Micronucleus Assay (CBMN Assay) The CBMN assay was performed as described previously. 11) Briefly, immediately after X-ray irradiation, WIL2-NS cells were washed with HBSS and with RPMI 1640 to remove oxidants and then resuspended in RPMI 1640 medium containing 10% FBS, 1% antibiotic solution, 2 mM glutamine, and cytochalasin B 4.44 mg/ml at a cell density of 0.5ϫ10 6 cells/ml. After 42 h of culture, the cells were harvested. Slides were prepared using a cytocentrifuge (Shandon Southern Products, Cheshire, U.K.), air-dried, fixed with absolute methanol, and stained with 4% Giemsa's solution in water for 30 min. Chromosomal damage rates were expressed as the number of micronucleated binucleate cells (MNed BN cells) per 1000 binucleted cells (BN cells) using established criteria.
14) The nuclear division index was calculated using the formula suggested by Eastmond and Tucker. 15) Other Analytical Methods Ascorbic acid and alpha-tocopherol in the cells were analyzed by HPLC with an electrochemical detector (ECD, Shiseido Co. Ltd., Tokyo, Japan) as described elsewhere. 16) Glutathione was measured by the method of Mokrasch and Teschke 17) using o-phthalaldehyde. Cell viability was evaluated using the MTT method according to the manufacturer's protocol.
Statistical Analysis All assays were performed in triplicate. The data are presented as meansϮS.E. Statistical analysis of the data was carried out using analysis of variance (ANOVA) followed by a post hoc test of Fisher's protected least significant difference. A p-value Ͻ0.05 was considered significant. The statistical analyses were performed using a computer program (StatView ver. 5.0, Abacus Concepts, CA, U.S.A.).
RESULTS
To examine the basic characteristics of X-ray-induced chromosomal damage in WIL2-NS cells, the cells were exposed to various doses of X-ray (0, 0.125, 0.25, 0.5, 1, 2 Gy). As shown in Table 1 , significant increases in the frequency of MNed BN cells, an indicator of chromosomal damage, were detected at X-ray doses higher than 0.125 to 0.25 Gy. A good linear relationship was seen between X-ray dose and chromosomal damage, especially up to 1 Gy of exposure (rϭ0.943, pϽ0.001). The nuclear division index significantly decreased at X-ray doses higher than 1 Gy. Based on these results, the X-ray dose necessary to induce secondary oxidative stress was set at 0.25 and 0.5 Gy in the subsequent experiment.
When WIL2-NS cells were challenged with a superoxidegenerating system (HX/XO) or t-BuOOH, a significant increase in chromosomal damage was detected at 10 mU/ml of XO and 1 mM of t-BuOOH (data not shown). Treatment of the cells with a low dose of XO (1, 2 mU/ml) or t-BuOOH (10, 100 mM) alsone did not induce chromosomal damage (Figs. 1a, b) . However, chromosomal damage induced by low doses of oxidant became detectable with subsequent X-ray exposure at 0.25 Gy and/or 0.5 Gy. When cells were challenged with H 2 O 2 , as the primary oxidative stress, chromoso- WIL2-NS cells (0.5ϫ10 6 cells/ml) were exposed to various doses of X-ray and then subjected to CBMN assay. The chromosomal damage in the cells was evaluated in terms of an increase in the frequencies of MNed BN cells/1000 BN cells. Data represent meanϮS.E. of triplicate experiments. * Significant difference (pϽ0.05) versus unirradiated control (0 Gy). mal damage was significantly increased at the dose of 10 mM, but not 5 mM (Fig. 1c) . Similar to superoxide and t-BuOOH, chromosomal damage in cells challenged with H 2 O 2 5 mM significantly increased with sequential X-ray exposure (0.25, 0.5 Gy). Although treatment with H 2 O 2 10 mM alone induced a significant increase in chromosomal damage in the cells, the primary damage induced by H 2 O 2 became more obvious after sequential X-ray exposure (0.25, 0.5 Gy).
When cells were significantly damaged, the nuclear division index decreased.
11) However, treatment with t-BuOOH, H 2 O 2 , and HX/XO at the tested low doses and/or X-ray irradiation at 0.5 Gy did not significantly influence the nuclear division index (Table 2 ). Cell viability examined using the MTT method did not show the influence of the primary oxidant: the values (%, meanϮS.E., nϭ3) were 100Ϯ2 for untreated controls, 99Ϯ8 for H 2 O 2 10 mM, 93Ϯ12 for t-BuOOH 100 mM, and 100Ϯ8 for XO 2 mU, respectively. WIL2-NS cells did not contain detectable amounts of ascorbic acid and alpha-tocopherol. A detectable amount of glutathione (GSHϩGSSG) was present in WIL2-NS cells (about 2 nmol/10 6 cells), but no increase in the oxidized form (GSSG) or decrease in the reduced form (GSH) in the cells was observed after the oxidant treatment applied in this study (data not shown).
DISCUSSION
Although the cell response against a single subsequent Xray exposure varied slightly with the oxidant used for pretreatment, the present findings indicate that slight chromosomal damage to cells by primary oxidants could be amplified by subsequent X-ray exposure and became easily detectable as obvious chromosomal damage in the CBMN assay. These findings support our previous human study, in which vigorous exercise-induced chromosomal damage in lymphocytes became detectable only after treatment of lymphocytes with X-rays in vitro to induce secondary oxidative stress.
10) The results of other researchers who examined the enhanced oxidizability of lipoprotein 7, 8) and red blood cells 9) after g-ray exposure in vitro may be in line with the present findings.
The nuclear division index, cell viability, and several antioxidants did not change due to treatment with primary oxidants, indicating only slight oxidative stress to the WIL2-NS cells. Under those conditions, a significant increase in chromosomal damage was detected after subsequent X-ray exposure in an oxidant dose-dependent manner. It is difficult to clarify the enhanced mechanism of chromosomal damage by subsequent X-ray exposure, because multiple factors such antioxidants, antioxidative enzymes, and DNA repair would be involved in the mechanism. Whatever the mechanism of the enhancement, this irradiation method can detect slight chromosomal damage as a final outcome, which is influenced by oxidative stress in cells or bodies.
Chromosomal instability is associated with diseases such as cancer, and radiation-induced chromosomal instability has been used to explore the details of chromosomal instability caused by genetic disease. [18] [19] [20] Chromosomal instability in cells could be due not only to genetic factors, but also to food and environmental factors such as inadequate intake of vitamins and exposure to chemicals. Recently, evidence has accumulated showing that oxidative damage in biomolecules, particularly DNA, is related to aging and degenerative diseases. [2] [3] [4] Based on these findings, the X-ray irradiation method to enhance slight oxidative damage induced by primary oxidative stress to cells might be practical and helpful in preventing oxidative stress-related diseases. WIL2-NS cells (0.5ϫ10 6 cells/ml) were treated with XO 2 mU/ml in the presence of HX 25 mM, t-BuOOH 100 mM, and H 2 O 2 30 mM of or vehicle, and then exposed to X-ray (0, 0.5 Gy). The cells were subjected to the CBMN assay and the nuclear division index was calculated. Data represent meanϮS.E. of triplicate experiments.
